Abstract. The paper discusses the results of the research in the effect of ion irradiation on tribological properties of multiphase ion-plasma coatings. It is shown that all the investigated coatings behave differently under ion irradiation: the Zn-Al, Fe-Al, Zn-Cu-Al coating is radiation-resistant and the friction coefficient does not virtually change; the Cr-Mn-Si-Cu-FeAl coating exhibits twofold increase in the friction coefficient, and that for Mn-Fe-Cu-Al coating decreases threefold. These changes are related to changes which occur in the coating surface under ion bombardment.
Introduction
Ion irradiation, considered as an unwanted phenomenon in airspace and reactor engineering, now has become one of the techniques to modify the material surfaces, including nanomaterials, to provide them with desired properties [1] [2] [3] [4] [5] [6] [7] [8] .
Ion bombardment of a solid surface implies several aspects. First, exposure of surfaces of different materials to metal ions makes the basis of the ion-implantation technique [9, 10] . The ion energy of tens or hundreds of keV allows the penetration depth of up to 1µm. Ion-implantation results in the formation of the near-surface alloy layer with different chemistry which, in its turn, changes its physical-and-mechanical properties. There is no distinct interface common to deposited layers. Ionimplantation is an active and non-equilibrium process and it allows creation of materials with structure and composition which cannot be obtained with conventional metallurgical techniques. Ionimplantation technique enables to dope any element of a desired quantity.
The second aspect of ion bombardment is related to nanostructuring of deposition directly in the production process [11, 12] .
The third aspect of ion bombardment considers the effect of ions of different gases on the material surface when it has already been formed [13] . This is of current relevancy for spacecrafts in the Earth ionosphere [14] .
The main effect of ion bombardment on the coating properties can be observed at the stage of their formation due to the stress relaxation in the region of ion action and restructuring of the crystal structure. Point defects, which are active adsorption centers, are formed on the surface.
The number of point defects can be increased either by increasing the ion flow energy, or by an increase in the ion beam density. Simultaneously with the formation of defects, the reverse process of their recombination, "annealing", occurs. It decreases the defect concentration. As a result of these two processes, the amount of nucleation sites becomes equilibrium which can be affected through changing the parameters of ion irradiation.
Experimental
In the experiments, we used the composite cathodes prepared by induction melting. These cathodes were used to perform deposition on the steel substrate with ion-plasma instollation HHB-6.6I1 under different process conditions. Atomic force microscope NT-206 was used to conduct a nanoscale examination of the coating surface. Irradiation of the coating with argon ions was carried out by means of the multi-ampere ion source with a hollow cathode. The arc current was 1 A, and the potential of the substrate was maintained equal to 300 V.
The information-measuring system for tribological studies is described by us in [15] . It consists of two main components: the experimental setup and upper level software. To apply the nanocoating the following basic process approaches are used: 1) ion-assisted deposition; 2) multilayer deposition with layers of nanometer thickness; 3) multiphase deposition; 4) a combination of these methods. We used ion-assisted multi-phase deposition. Figure 1a shows an electron microscopical image of the coating performed by simultaneous sputtering of the Cr-Mn-Si-Cu-Fe-Al cathode and a titanium cathode in nitrogen atmosphere. Figure 1b presents the same coating after argon ion irradiation.
Results and discussion
It can be seen from Figure 1a , the average grain size is (100-150) nm. This type of coatings is referred to as submicrocrystalline coating [16] . The results of the quantitative analysis of the Cr-MnSi-Cu-Fe-Al + Ti coating in a nitrogen atmosphere in different parts of the surface showed that the contents of chromium, titanium and nitrogen are close to each other. This suggests that in addition to titanium nitride formation, chromium nitride is formed as well. Irradiation of the Cr-Mn-Si-Cu-Fe-Al + Ti coating with argon ions causes grinding of the grain structure (Fig. 1b) , so that the grain size becomes less than 100 nm. This type of structures is called nanocrystalline structures [16] . Ion bombardment of the Fe-Al + Ti and Zn-Al + Ti surfaces does not result in grain grinding as that observed for the Cr-Mn-Si-Cu-Fe-Al + Ti coating. This is due to the weak effect of ion irradiation on the Fe-Al and Zn-Al coatings [17] .
We attribute the radiation resistance of the Zn-Al coating to its pronounced globular structure. The presence of the "ball" system leads to elastic scattering of argon ions, so that the local deformation becomes negligible. This is confirmed by the behavior of the Young's modulus, which remains unchanged during irradiation. The radiation resistance of the Fe-Al coating disorder is associated with its amorphism. Strong "amorphization" of the coating makes it radiation insensitive.
The above properties of the structure of multiphase coatings are also reflected in their tribological properties. Table 1 shows the friction coefficients before and after ion bombardment. As can be seen from Table 1 , all the investigated coatings behave differently under ion irradiation: Zn-Al, Fe-Al and Zn-Cu-Al coatings are radiation-resistant and the friction coefficient virtually does not change; the friction coefficient for Cr-Mn-Si-Cu-Fe-Al coatings increases twofold, and that for Mn-Fe-Cu-Al coatings decreases threefold. These changes are caused by the changes which occur in the coating surface under ion bombardment.
Conclusion
The results obtained make it possible to draw the conclusions.
 Ion bombardment is a promising technique to regulate the structure and properties of coatings and can be used to create a variety of combined methods for deposition.
 The tribological properties of coatings, closely related to their microstructure, can be considerably changed under ion irradiation.
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